Summary. The effects of angiotensin II (A II) and ANP on spontaneously active neurons in the subfornical organ (SF0), anteroventral third ventricle (AV3V) and supraoptic (SON) and paraventricular nucleus (PVN) were investigated using slice preparations and extracellular recordings. Application of A II (10-'M) excited the neural activity of 66% of the SFO neurons, 28% of the AV3V neurons and 44% of the SON neurons. The threshold concentration to produce responses in SFO and AV3V neuron was less than 10-10M, while that in SON neurons was 10-9M. The excitatory effects of A II were reversibly antagonized by saralasin and persisted after synaptic blockade in a low Ca2+ and high Mg2+ medium. Application of ANP (10-'M) inhibited the neural activity of 41% of the AV3V neurons, 22% of the PVN neurons and only 14% of the SFO neurons but had no effect on SON neurons. The threshold concentration for ANP in the AV3V was 10-11M. Interestingly, ANP inhibited A II induced excitation in most of the SFO neurons (87%), while ANP had little effects on their spontaneous firing rates. These results show that both peptides of A II and ANP have direct central actions on hypothalamic neurons although ANP can not directly influence magnocellular neurons, suggesting that these blood borne peptides are detected in the SFO and AV3V and that they are acting as a neurotransmitter or a neuromodulator in the central nervous system to regulate water homeostasis.
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Several peripheral-brain peptides are known to influence drinking behavior or related physiological responses, such as vasopressin (AVP) and cardiovascular regulation. Among these peptides this paper will deal with only angiotensin II (A II) and atrial natriuretic polypeptide (ANP) which exist in the circulating blood and are released from the kidney and atria.
It has been established that A II induces AVP release from the neurohypophysis, resulting in antidiuretic effects and vasoconstrictive effects which cause increased blood pressure (PHILLIPS, 1978) , and that ANP has a powerful natriuretic action and a relaxant effect on smooth muscles causing decreased blood pressure (FLYNN et al., 1983; CURRIE et al., 1984) . The renal and vascular actions of ANP thus appear to be opposite those of AVP, and the central effects of A II and ANP seem to be antagonized. For example, intraventricular administion of ANP blocks the A II induced blood pressure increase (ITOH et al., 1986) , All induced drinking (YAMADA et al., 1986) , dehydration and hemorrhage-induced vasopressin release (SAMSON, 1985) . Therefore, determining the sites and mechanisms of interaction between these peptides, is an inquiry of scientific interest.
Neurons in the subfornical organ (SFO) (FELIX and AKERT, 1974) , anteroventral third ventricle (AV3V) (KNOWLES and PHILLIPS, 1980) and supraoptic nucleus (SON) (NIc0LL and BARKER, 1971 ) are reported to be excited by iontophretically applied A II. It has been found that microinjections of A II into the SON, SFO and AV3V elicit a large increase in plasma AVP (SIMONNET et al., 1979; SIMPSON, 1981) . However, there is little evidence on the physiological significance of ANP on neuronal activities (HASKINS et al., 1986; STANDAERT et al., 1987) . Immunoreactive ANP has been found in the rat CNS, particularly in the AV3V, and paraventricular nudes (PVN) but not in the SFO and SON (SAFER et al., 1985; KAWATA et al., 1985) . On the other hand, A II containing cell bodies and immunoreactive A II terminals have been found in the SFO and SON as well as the PVN (LIND et al., 1985) . Binding sites for A II and ANP have been found in the SFO, AV3V, PVN and SON ( VAN HOUTEN et al., 1980 ; GIBSON et H. YAMASHITA et al.: al., 1986).
The present paper will summarize recent results HATTORI et al., 1988) obtained from studies of rat brain slice preparations to compare the A II and ANP sensitivity of neurons in the SFO, AV3V, PVN and SON. Our aim is to determine whether A II and ANP have any direct effect on single neurons in these nuclei, all of which are directly involved in the control of AVP release, drinking behavior and cardiovascular regulation.
METHODS
Adult male Wistar rats weighing 150-300g were used. Coronal brain slices 350-450um in thickness containing the SON, PVN, AV3V and SFO were cut from the hypothalmic block with a vibratome-type slicer. Immediately after sectioning, the slices were placed in an incubation medium oxygenated with a mixture of 95% 02 and 5% CO2 at room temperature and left for at least 1 h, until they were transferred to a recording chamber. The incubation medium was a modified Yamamoto's solution (pH 7.3-7.5), which contained (in mM): NaCI 124, KCl 5, KH2PO4 1.24, MgSO4 1.3, CaC12 2.1, NaHCO3 20 and glucose 10 (INENAGA and YAMASHITA, 1986) . In the perfusing medium, the calcium concentration was always lowered to 0.75 mM to increase spontaneous activity of SON and PVN magnocellular neurons. When required, a low Ca2+ (0.5 mM) and high Mg2+ (9 mM) solution was used in an attempt to block synaptic transmission (INENAGA and YAMASHITA, 1986) .
Before experimentation, each slice was carefully trimmed with a microsurgery knife so that recordings could be made from a piece of tissue containing a total SON or PVN or AV3V or SFO area less than 2 x 2 mm. The trimmed slice containing the SON also contained a part of the perinuclear zone of the SON and a part of the optic chiasm. The trimmed slice of the PVN also contained a part of the anterior hypothalamus, zona incerta and fornix. The preparation of the AV3V mainly contained the organum vasculosum of the lamina terminalis, preoptic suprachiasmatic nucleus, periventricular preoptic nucleus and the median preoptic nucleus.
The trimmed slice was placed on a sylgard mat glued to the bottom of the recording chamber, which had a volume of 0.8 ml and was held in place with a nylon net and platinum weights. The temperature of the perf using medium which was oxygenated with a mixture of 95% 02 and 5% CO2 was kept at 35± 0.5t. The perfusion system was gravity-fed and the flow rate of the perfusing medium in the recording chamber was adjusted to 1-2 ml/min. Peptides were applied to the slice by perfusion from separate storage bottles containing a medium to which they had been added.
Extracellular recordings from single neurons in the SON, PVN, AV3V and SFO were obtained using conventional techniques. Glass micropipettes were filled with 0.5 M sodium acetate containing 2% Pontamine Sky Blue. The electrodes were directed into the relevant regions of the slices using a microscope and transmitted light. Action potentials were recorded using a conventional amplifier, displayed on a storage oscilloscope and stored on magnetic tape for further analysis. A window discriminator and an integrator were used for continuous observation of the firing patterns of cells in each region. At the end of recording, a constant cathodal current was passed through the tip of the electrode to deposit a blue spot from which the recorded sites could be precisely determined histologically.
The responses were assessed by observing changes in firing rate before and during the application of peptides. The changes in firing rate from the resting level (mean firing rate during 5min) to the peak or through level (mean firing rate during 1min) following the application of peptides was calculated from the ratemeter records. Cells were classified as having been excited or inhibited if their firing rates increased or decreased by more than 20% after application of the peptides.
RESULTS

Effects of angiotensin II on the SON, SFO and AV3V neurons
After obtaining a stable recording from a single cell for at least 10min, A II was applied to the slice at 10-M. The responses of 106 SON cells, 94 SFO cells and 86 AV3V cells to the application of A II were tested. Almost all the responsive neurons in these regions were excited by A II (Fig. lA-C) . The proportion of cells excited by A II was significantly higher in the SFO than in the SON or the AV3V.
To investigate the dose-response relationship, some neurons in each region were tested at different All concentrations, ranging from 10-10 to 10-6M. Figure 1 shows representative examples of the effects of A II at different concentrations. As A II concentrations increased, the firing rate of cells in each region generally increased, although both SFO and AV3V neurons showed considerable scattering in the doseresponse relationship suggesting that SFO and AV3V cells are not a homogeneous population. This contrasts with the cells of the SON which are predominantly neurosecretory.
Unlike neurons in the SON, some neurons in the SFO and AV3V showed clear excitatory responses at lower concentrations of A II (10-10 M) and a steeper increase in the firing rate with increased A II concentrations.
The threshold A II concentration to evoke responses of the SON neurons was approximately 10-9 M, and that of the SFO and AV3V neurons was less than 10-10 M.
Effects of ANP on SON, PVN, AV3V and SFO neurons
The responses of 15 spontaneously firing cells in the SON, 77 spontaneously firing cells in the PVN and 73 spontaneously firing cells in the AV3V to the application of ANP were tested. None of the 15 SON cells tested which showed phasic and tonic firing patterns were inhibited, but 17 (22%) of 77 PVN cells which were located in the parvocellular part of the PVN and 30 (41%) of 73 AV3V cells showed inhibitory responses to the application of ANP ( Fig. 2A-E) . The proportion of cells inhibited by ANP was significantly higher in the AV3V than in the SON or the PVN.
To investigate the dose-response relationship, some neurons in the PVN and AV3V were tested at different ANP concentrations ranging from 10-12 to 10-6 M. As ANP concentrations increased, the firing rates of all 7 cells-2 PVN and 5 AV3V cells-generally decreased. The threshold concentration to evoke the inhibitory responses in the PVN was 10-10M and in the AV3V was 10-11M.
Interaction between ANP and All effects on SFO neurons
An attempt was made to investigate the combined effect of ANP and A II on the activity of SFO neurons. Figure 3C shows a representative example in which application of ANP at 10-'M completely depressed the excitatory response which should have been caused by application of A II at 10-' M. In 13 (87%) of 15 SFO neurons tested, the superimposed application of ANP at 10-' M depressed the excitation induced by A II at 10-' M by more than 40%, while in the remaining 2 (13%) a slighter depressive effect (6 and 8%) was noted. No facilitatory effect of ANP on the excitation induced by A II was observed in any SFO cells. To determine whether or not the depressive effect of ANP was specific for the Allinduced excitation, the effect of ANP on the activity following application of an additional 5 or 10 mM K+ was examined in 6 SFO neurons. Figure 3D with a specific antagonist, saralasin. Thus, we may conclude that the responses obtained in this study were specific responses mediated by specific receptors for A II. FUXE et al. (1976) have indicated that A II containing nerve terminals are found in the SON. Another immunohistochemical study has provided evidence that many neurosecretory neurons of the SON contain A II immunoreactivity (LIND et al., 1985) . It is thus likely that A II released from A II-containing nerve terminals acts directly on specific receptors of SON neurons as a neurotransmitter or neuromodulator to induce both AVP and OXT release from the neurohypophysis.
The present study demonstrated that some neurons in the SFO and AV3V were more sensitive and responsive to A II than others in the SON. Destruction of the SFO eliminated antidiuretic responses to peripherally administered A II, but not to centrally administered A II (IovlNo and STEARDO, 1984) . Our results thus support the hypothesis that blood-borne A II acts mainly on specific A II receptors located in the SFO and that the AV3V is a probable site for sensing CSF-borne A II.
The threshold ANP concentrations to evoke inhibitory responses of the PVN and AV3V neurons were approximately 10-10 M and 10-11 M respectively. The plasma ANP concentration of rats is known to be 2 x 10-10-4x10-10 M (TANAKA et al., 1984) . Therefore, it seems reasonable to suggest that the threshold concentrations found in this study lie within a physiological range. Most of the responsive neurons in the PVN and AV3V showed inhibitory responses to ANP in a dose-dependent manner.
Immunohistochemical studies have demonstrated that ANP containing neurons form a widespread network throughout parts of the brain that are known to maintain the body fluid homeostasis, such as the preoptic-hypothalamic area (SAPER et al., 1985 ; K.AWATA et al., 1985) . Moreover, KAWATA et al. (1985) have demonstrated that the largest accumulation of ANP immunoreactive perikarya and varicose fibers occurred in the AV3V and that there were also many ANP immunoreactive varicose fibers in the PVN, particularly in the periventricular and peripheral parts of the nucleus, while few fibers were found in the SON. This is consistent with our results that not one of 15 SON neurons, most of which were magno- to affect the central nervous system through circumventricular organs which lack a blood-brain barrier. Thus it is possible that neurons in the AV3V, especially in the oranum vasculosum of the lamina terminalis, could be influenced by blood-borne ANP.
Central actions of ANP have been suggested in relation to vasopressin release (SAMSON, 1985) and drinking behavior (ANTUNES-RODRIGUES et al., 1985; NAKAMURA et al., 1985) , and direct effects of ANP on the neural activity have been shown in some brain structures both in vivo (HASKINS et al., 1986; STAN-DAERT et al., 1987) and in vitro (OKUYA and YAMA-SHITA, 1987) . There have been no reports, however, concerning the effects of ANP on the activity of neurons in the SFO. The present results show that, in rat slice preparations ANP strongly depressed the excitation of SFO neurons induced by A II, although ANP had only very weak inhibitory effects on spontaneous activity. It is probably less likely that ANP acts as a neurotransmitter in the SFO, since there is very little ANP immunoreactivity in the SFO (KAWATA et al., 1985; SKOFITSCH et al., 1985) . Since many ANP binding sites are present in the SFO (QUIRION et al., 1984; GIBSON et al., 1986) , the results presented here suggest that ANP may act as a neuromodulator in the SFO.
To summarize, blood-born peptides such as A II and ANP are detected in the SFO and/or OVLT and this information is relayed to magnocellular neurons in the SON and PVN, probably through A II containing terminals to regulate the release of AVP, while the detected information is also sent to the AV3V and the autonomic division of the PVN to control drinking behavior and/or cardiovascular functions (Fig. 4) 
